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Herein, we demonstrated a novel synthetic route to grow size-tunable hybrid perovskite (CH3NH3PbI3
and CH3NH3PbBr3) quantum dots (QDs) using a Fluorine-doped TiO2 (F-TiO2) mesoporous template
and these QDs exhibit large exciton binding energy, high photoluminescence quantum yield and
improved photostability. The pore size in F-TiO2 template is tuned by varying the HF molar concentration
during its solvothermal growth and size of the perovskite QDs embedded in F-TiO2 pores is tuned in the
range 1.7–5.1 nm, as revealed from the TEM analysis. A systematic blue-shift in UV–visible absorption
edge, as well as photoluminescence (PL) spectrum, is observed with the reduced size of the perovskite
QDs due to strong quantum confinement. The CH3NH3PbI3 QD with average size �1.7 nm exhibits
�47 nm blue shift in the PL spectra, �43 fold enhancement in PL intensity and �25% PL quantum yield
(QY). On the other hand, CH3NH3PbBr3 QD of similar size exhibits dramatically enhanced (�124 times)
PL emission with narrow line width and a PLQY of �57%, which is significant for the template-assisted
growth of perovskite QDs film. The quantitative analysis of the PL emission energy vs QD size shows
an excellent fit with the Brus equation confirming the strong quantum confinement effect in the
perovskite QDs. Analysis of low-temperature PL spectra reveals very high exciton binding energy
(162–272 meV) for the QDs as compared to the bulk film (32 meV) due to the high effective dielectric
constant, and high electron-hole recombination probability in the QDs, which is consistent with the
extremely high PLQY and stable emission from the QDs. The blue shift of the PL peak with increasing
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temperature is explained on the basis of localization effect. Time-resolved PL analysis for both the per-
ovskite QDs reveals faster life time compared to their bulk counterparts, confirming the significant radia-
tive recombination of carriers in the QDs at the room temperature. The CH3NH3PbBr3 QDs embedded in
porous F-TiO2 template maintain its initial PL intensity up to several hours (�10 h) under the UV laser
exposure (18mW), while that of the bulk film decreases to <67%. Thus, template grown hybrid perovskite
QDs exhibiting high photostability and very high PLQY demonstrated here are promising for the next
generation optoelectronic applications.

� 2018 Elsevier Inc. All rights reserved.
1. Introduction

Organic-inorganic halide perovskites have fostered unprece-
dented research interest due to their rapidly achieved spectacular
performance in the field of optoelectronic devices along with their
remarkable characteristics, such as low cost, long-range charge
transport, tunable optical band gap, high absorption coefficient
and photoluminescence quantum yield (PLQY) [1–9]. Currently,
perovskite-based solar cells have achieved power conversion effi-
ciency up to 22% and LEDs have achieved quantum efficiency as
high as 10% [10]. Additionally, other applications of perovskite,
such as sensors, amplified spontaneous emission and lasing, pho-
todetectors, memory devices have also been realized.

In recent years, perovskite nanocrystals (NCs) have drawn great
attention owing to their unique properties, such as large exciton
binding energy, narrow emission bandwidth, high PLQY, decent
stability along with the well-known properties of bulk perovskite
[11–18]. Lead bromide based perovskite quantum dots (QDs) in
colloidal solution have approached �100% PLQY, synthesized by
colloidal method [19]. Schmidt and co-workers first demonstrated
the synthesis of �6 nm sized organic-inorganic halide perovskite
NCs through a simple method using ammonium bromide with a
medium-length alkyl chain [20]. Since then, perovskite NCs are
being prepared by different methods for a wide range of optoelec-
tronic applications. In the case of NCs synthesized by the colloidal
method, the final product consists of NCs with some unwanted
bulk structures. The as-synthesized colloidal perovskite NCs are
ionic and essentially hygroscopic in nature, which makes them
usually unstable in the ambient environment [21–24]. Perovskite
solution may be incorporated in various mesoporous templates,
confining the growth of perovskite in the pores, which results in
the controlled growth of perovskite NCs guided by the mesoporous
structure. Researchers have devoted great efforts to synthesize dif-
ferent templates, since in-situ fabrication process of perovskite
NCs is preferable for device applications. Kojima et al. observed
strong photoluminescence (PL) emission from nanocrystalline lead
bromide perovskite synthesized by rapid self-organization on a
mesoporous aluminum oxide film [25]. Di et al. demonstrated
the formation of self-assembled perovskite NCs embedded in a
solid organic matrix [26]. Malgras et al. described a simple method
to grow monodisperse 3.3 nm sized CH3NH3PbBrxIx�3 NCs inside
mesoporous silica templates by varying the pore size of the tem-
plates [27]. Recently, Anaya et al. reported tunable quantum con-
finement (QC) effect over a wide range of 0.34 eV by embedding
the perovskite NCs in thin metal oxide films [28]. Though the
size-tunable perovskite nanoparticles (NPs) are successfully
achieved in the earlier works, very few studies discuss on the
improvement of fluorescence intensity and their application in
light-emitting devices. Demchyshyn et al. used nanoporous anodic
alumina (npAAO) and silicon (npSi) thin films for the growth of
perovskite nanocrystals with very high PLQY (up to 25% for CH3-
NH3PbI3, 60% for CH3NH3PbBr3, 90% for CsPbBr3) and they also
demonstrated blue emission from CsPbBr3 in npSi and cyan EL in
npAAO-based LEDs [29]. Recently, Ghosh et al. reported growth
of CH3NH3PbI3 NPs on a mesoporous Si nanowire template and
they achieved �12 fold enhancement in PL intensity with respect
to bulk perovskite film and a PLQY of �9% [30]. The reported PLQY
of template grown perovskite NCs is typically quite low and needs
further improvement for device applications.

Herein, we demonstrate the growth of CH3NH3PbI3 and
CH3NH3PbBr3 QDs inside a mesoporous Fluorine doped TiO2

(F-TiO2) template by a simple solution processed method. The
perovskite QDs are uniformly grown on the pores of the F-TiO2

template and the size of the perovskite QD is consistent with the
pore size of F-TiO2 template, as evidenced from field emission
scanning electron microscope (FESEM) and transmission electron
microscope (TEM) analyses. The ultra-small perovskite QDs exhibit
remarkably high band gap, intense PL emission and high PLQY due
to the strong QC effect. Low-temperature PL analysis exhibits very
high exciton binding energy of perovskite QDs consistent with the
enhanced and stable PL emission of QDs. Time-resolved PL (TRPL)
studies reveal faster decay time for the QDs, confirming the dom-
inance of radiative recombination of charge carriers in QDs, thus
revealing the mechanism behind high PLQY from perovskite QDs.
These template grown perovskite QDs also exhibit much better
photostability and air stability compared to bulk films, which is
very promising for its practical application including the light
emitting diodes.
2. Experimental procedure

2.1. Materials

The starting materials for the present work are Ti foil (99.7%,
Sigma Aldrich), hydrofluoric acid (48%, Merck), hydrochloric acid
(37%, Merck), methylamine solution (CH3NH3, 33 wt% in absolute
ethanol, Sigma-Aldrich), lead(II) iodide (PbI2, 99%, Sigma-Aldrich),
lead(II) bromide (PbBr2, 99.999%, Sigma-Aldrich), hydroiodic acid
(HI, 57 wt% in water, Sigma-Aldrich), hydrobromic acid (HBr,
48 wt% in water, Sigma-Aldrich), N,N-dimethylformamide (DMF,
>99%, Sigma-Aldrich), diethyl ether (>99%, Merck), Titania paste,
transparent (Sigma-Aldrich).
2.2. Synthesis procedures

2.2.1. Synthesis of porous TiO2 nanostructures
Mesoporous 3D F-TiO2 nanoflowers (NFs) with self-grown TiO2

NCs were prepared using the procedure reported by Paul et al.
[31]. In a typical synthesis, commercially available Ti foil was first
cleaned by 18% aqueous HCl solution at 90 �C for 20 min to
remove impurities and oxide layers. Afterward, it was rinsed with
DI water vigorously and finally dried in the inert gas atmosphere.
Cleaned Ti foil was taken into a Teflon-lined autoclave (Berghof,
BR-100) with 50 mL of aqueous HF solution (20–80 mM). The
sealed autoclave was heated and maintained at 150 �C for 8 h.
After the hydrothermal treatment, the autoclave was allowed to
cool down naturally and then the foil was gently washed with
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DI water and dried in an oven at 90 �C to get the mesoporous
F-TiO2 templates. The mesoporous F-TiO2 templates grown with
20 mM, 40 mM, and 80 mM HF concentrations are named as F1,
F2 and F3, respectively.
2.2.2. Synthesis of CH3NH3PbI3
CH3NH3PbI3 perovskite precursor solution was prepared using

the well-established procedure [32]. To prepare CH3NH3I powder,
24 mL of methylamine solution was diluted with 50 mL of absolute
ethanol and stirred for 15 min in 250 mL round-bottom flask. Then,
8 mL of hydroiodic acid was slowly added to the above solution at
0 �C with vigorous stirring at 1000 rpm for 2 h. Afterward, the solu-
tion was heated at 60 �C for 5 h with continuous stirring to evapo-
rate the solvent. To remove impurities from the obtained white
CH3NH3I powder, the crystals were washed several times with
anhydrous diethyl ether and dried at 60 �C in a vacuum oven over-
night. Then, CH3NH3I and PbI2 were dissolved in DMF at 1:1 M
ratio to obtain the semi-transparent yellow CH3NH3PbI3 perovskite
solution with 30 wt%.
2.2.3. Synthesis of CH3NH3PbBr3
We followed a similar procedure to obtain the CH3NH3PbBr3

perovskite precursor solution. CH3NH3Br was first prepared by
adding 8 mL methylamine and 2.83 mL hydrobromic acid solution
to 22 mL of absolute ethanol. For the elimination of impurities and
recrystallization of CH3NH3Br, the same procedure has been fol-
lowed, as discussed for the synthesis of CH3NH3I powder. The as-
prepared CH3NH3Br powder was dissolved together with PbBr2 at
a 2:1 M ratio in DMF, to get a transparent colorless CH3NH3PbBr3
solution with a concentration of 30 wt%.
2.2.4. Growth of perovskite QDs on F-TiO2

The synthesis of CH3NH3PbI3 and CH3NH3PbBr3 QDs was carried
out by spin coating the as-synthesized perovskite solution on the
F-TiO2 template at 2500 rpm for 30 sec, followed by annealing at
80 �C for 20 min. The perovskite coated templates F1, F2, and F3
are named as F1PI, F2PI and F3PI for CH3NH3PbI3, respectively,
and F1PB, F2PB and F3PB for CH3NH3PbBr3, respectively. Fig. 1
illustrates the schematic of the template-assisted growth process
of perovskite QDs. To compare the performance of perovskite
QDs grown on F-TiO2, commercially available mesoporous TiO2

paste (m-TiO2) was also used as a template to grow perovskite
film/NPs. For this, commercial m-TiO2 paste was first diluted in
ethanol and then spin coated on ITO substrate and subsequently
PI and PB solutions were deposited m-TiO2 layer. Note that the
m-TiO2 contains pores of much larger size than that of the meso-
porous F-TiO2, as discussed later.
Fig. 1. Schematic of hydrothermally grown mesoporous F-TiO2 template and
2.3. Characterization techniques

Several microscopic and spectroscopic tools have been utilized
to study the morphology, structure and optical properties of differ-
ent samples. The details of the characterization techniques includ-
ing absolute PL quantum yield measurement have been provided
in the Supporting Information, Section S1.

3. Results and discussion

3.1. Morphology studies

Surface morphology of as-synthesized F-TiO2 template with
arbitrary shaped TiO2 NCs was investigated by FESEM and the
low magnification images are shown in Fig. S1 (a–c) (Supporting
information). These images clearly reveal the nanoflowers (NF)
type morphology of the F-TiO2 nanostructures. Fig. 2 portrays the
surface morphology of pristine F-TiO2 NF template. It is evident
from Fig. 2(a) that for sample F1 (grown with 20 mM HF), the
self-grown TiO2 NCs are observed to be uniformly decorated on
the NF surface, due to the irregular surface etching by HF during
the hydrothermal treatment. Histogram showing the separation
between two consecutive NCs in F1 is depicted in Fig. S1(d) (Sup-
porting Information) with an average separation of 3.2 nm. The
inter-particle gap serves as pore-like structure and acts as the tem-
plate for the growth of perovskite QDs. When the HF concentration
increases from 20 mM to 40 mM, surface etching is more promi-
nent and thus the size of the NCs is observed to be increased, as
shown in Fig. 2(b). As a result of the intense surface etching, sepa-
ration between consecutive NCs increases and it is estimated to be
4.8 nm for F2, as shown in Fig. S1(e) (Supporting Information). For
80 mM HF concentration, the inter-particle separation is further
increased, as shown in Fig. 2(c). In this case, the average inter-
particle separation is 6.4 nm (F3), as shown in Fig. S1(f) (Support-
ing Information). In the course of spin coating of perovskite solu-
tion on the F-TiO2 template, the PI or PB QDs are formed in the
inter-particle gaps (voids/pores) of TiO2 NCs. After the decoration
of perovskite QDs, the inter-particle gap/voids in F-TiO2 templates
are observed to be filled, as shown in Fig. S2(a–c) (Supporting
Information), resulting in the uniform decoration of perovskite
QDs in the pores of F-TiO2 template. Due to the resolution limit
of FESEM imaging, perovskite QDs are not clearly discernable here.
However, the size of perovskite QDs increases from F1PI to F3PI,
which is consistent with the pore size in the mesoporous F-TiO2

NF template. To compare the performance of perovskite QDs
grown on F-TiO2, commercially procured mesoporous TiO2 paste
(m-TiO2) was also used as a template to grow perovskite NPs.
Fig. S3 (Supporting Information) shows FESEM image of PI and
PB deposited on m-TiO2 coated substrates revealing bulk nature
growth of perovskite QDs on it by spin coating followed by annealing.



Fig. 2. FESEM images of mesoporous F-TiO2 petals grown at different HF concentrations: (a) 20 mM (F1), (b) 40 mM (F2) and (c) 80 mM (F3). (d) N2 adsorption/desorption
isotherms of F-TiO2 NF template obtained from F3. The inset shows the corresponding BJH pore size distribution.
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of the perovskite, since the pore sizes in m-TiO2 is very large
(>30 nm). Energy dispersive X-ray (EDX) spectrum of the as-
synthesized F-TiO2 NF (F1) is shown in Fig. S4 (Supporting Informa-
tion) confirming the presence of Ti, O, and F in the NF. The concen-
tration of F is observed to be �8 at% with HF concentration 20 mM,
which confirms the doping and surface adsorption of fluorine ion
on F-TiO2 NF surface [31]. In contrast, commercially procured m-
TiO2 paste does not have any fluorine doping (see Fig. S4(b), Sup-
porting Information) and hence intrinsic in nature and it behaves
differently for the light emission characteristic of the perovskite
layer on it.

The surface area and pore size of the as-grown F-TiO2 NF tem-
plate as well as commercially available mesoporous m-TiO2 paste
were measured by the Brunauer–Emmett–Teller (BET) process.
The N2 adsorption-desorption isotherms of F3 are shown in Fig. 2
(d) and the isotherms of F-TiO2 NF exhibit an abrupt increase in
the high-pressure region (>0.7P/P0 value), which can be related
to the capillary condensation and multilayer adsorption of N2 in
the voids between F-TiO2 NCs. The average pore size and corre-
sponding size distribution was analyzed using Barrett-Joyner-
Halenda (BJH) analysis. The BJH pore size distribution profile for
F3 is shown in the inset of Fig. 2(d). The mean surface area and
average pore diameter of F3 are measured to be 13.836 m2/g and
4.3 nm, respectively. Note that the pore diameter calculated from
BET is less than the estimated inter-particle separation between
TiO2 NCs from FESEM image, which is primarily due to the resolu-
tion limit of the FESEM. The N2 adsorption-desorption isotherms
and the BJH pore size distribution profiles for commercially avail-
able mesoporous m-TiO2 paste are shown in Fig. S5(a and b) (Sup-
porting Information). The average pore diameter of m-TiO2 is
�32.9 nm, which is too large to grow perovskite QDs using it as a
template.

TEM images of the PI QDs grown on F-TiO2 templates were
acquired to investigate the actual size and morphology of individ-
ual QD. To prepare the TEM sample, F-TiO2 layer with the PI QDs
was scratched from the Ti foil (substrate) in the form of powder
and then dispersed in toluene. Next, the dispersion was drop
casted on the TEM grid and heated at �45 �C to evaporate the sol-
vent. Fig. 3(a) shows the TEM image of the sample F1PI revealing
the uniform decoration of PI QDs on the F-TiO2 template. The cor-
responding size distribution of PI QDs with average size 1.7 nm is
shown in the inset of Fig. 3(a). Fig. 3(b) shows the bright field
high-resolution STEM image of F1PI discerning the discrete distri-
bution of PI QDs on F-TiO2 template. The uniform growth of PI QDs



Fig. 3. (a) TEM image of PI QDS in F1PI and corresponding size distribution in the inset. (b) High resolution bright field STEM image of F1PI. TEM image of PI QDs in: (c) F2PI
and (d) F3PI and the corresponding size distributions shown in the insets.

S. Parveen et al. / Journal of Colloid and Interface Science 539 (2019) 619–633 623
on the F-TiO2 templates of F2 and F3 are shown in Fig. 3(c) and (d),
and the corresponding particle size distribution with an average
diameter of 3.3 nm and 5.1 nm are shown in the insets, respec-
tively. Since the size of the QDs grown on F1 is smaller than that
of F2 and F3, it facilitates stronger QC effect, which will be dis-
cussed later. It is evident from the TEM images that the size of
the as-grown PI QDs on F-TiO2 template becomes larger with the
increase of the molar concentration of HF. The estimated size of
the PI QDs from the TEM images is consistent with the average
pore size or interparticle separation between F-TiO2 NCs in differ-
ent samples. We find that the average size of the QDs in F3PI is
�5.1 nm, which is marginally higher than the pore diameter of
F3 (�4.3 nm) calculated using BJH analysis. Hence, the perovskite
QDs are partially embedded in the pores of the F-TiO2 template
and partially outside the pores, which is fully consistent with the
TEM images. Thus, the TEM results reveal that the ultra-small
pores in the F-TiO2 template act as nucleation sites for the growth
of perovskite QDs. After spin coating and annealing of the per-
ovskite solution, PI QDs start to crystallize and exhibits superior
properties. High-angle annular dark field (HAADF) image of the
elemental mapping for F1P1 is shown in Fig. S6(a) (Supporting
Information). The elemental mapping clearly shows the presence
of C, N, Pb and I on F-TiO2 template confirming the presence of
PI QDs on F-TiO2 template. To compare the properties of QDs
grown on F-TiO2 template with that grown by colloidal method,
we prepared colloidal QDs following the method reported by
Huang et al. [33] and samples are termed as cPI and cPB corre-
sponding to PI and PB precursors, respectively. cPI and cPB QDs
with average QD size �2 nm were successfully synthesized, as
shown in Fig. S7(a and b) (Supporting Information), and utilized
for the comparison of light emission properties along with
stability.

3.2. Structural analysis

3.2.1. XRD study
In order to confirm the crystal structure and phase of the bulk

perovskite films and PI/PB QDs, XRD pattern of each sample has
been recorded and shown in Fig. S8(a) (Supporting Information).
Each characteristic diffraction peak of crystalline PI matches with
the literature [34,35]. No trace of the PbI2 peak (2h = 12�) is
observed, which confirms the complete transformation of precur-
sor materials (CH3NH3I and PbI2) into PI. As evident from the
XRD pattern, both the PI QDs and the F-TiO2 template are highly
crystalline in nature and the F-TiO2 template is observed to be
mostly in anatase phase (marked as ‘‘A” in the figure) with a small
trace of brookite phase (marked as ‘‘B”). Fig. 4(a) shows the XRD
pattern corresponding to (1 1 0) plane of PI QDs grown within
the voids of F-TiO2 template along with the bulk PI film grown
on the ITO substrate. Characteristic diffraction peak intensity for



Fig. 4. A comparison of XRD pattern of different perovskite QDs: (a) (1 1 0) diffraction peak for PI QDs and (b) (1 0 0) diffraction peak for PB QDs, grown on various F-TiO2

templates.
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(1 1 0) plane of PI QDs decreases as compared to BulkPI film, which
may be due to the lower thickness/volume of PI QDs. With decreas-
ing size of PI QDs, the XRD peak is observed to be broadened sys-
tematically, as evident from Fig. 4(a). The (1 1 0) peak position
slightly shifts to lower angle as the size of the PI QDs decreases
which indicates the presence of tensile strain due to the formation
of QDs. The full width at half maximum (FWHM) of (1 1 0) peak for
smallest PI QDs (F1PI) is estimated to be �0.37�, which is �1.5
times than that of the BulkPI. Thus, the increase in FWHM is con-
sistent with the formation of ultra-small size QDs. Though the
Scherrer formula can predict the crystallite size of PI QDs grown
on various F-TiO2 templates, finer estimation of the QD size is dif-
ficult due to the low intensity of the diffraction peak. In this case,
Scherrer formula gives a higher estimate of the size of the QDs as
compared to that measured from TEM, primarily due to their
ultra-small sizes where the validity of the formula is questionable.
Fig. S8(b) (Supporting Information) shows the XRD patterns of
BulkPB and PB QDs grown on F-TiO2 templates, suggesting the
highly crystalline cubic phase of PB crystals. Fig. 4(b) shows the
XRD pattern corresponding to (1 0 0) plane of PB NPs grown on
various F-TiO2 templates along with the bulk PB film. Similar to
the PI NPs, the (1 0 0) plane shifts to lower angle and the line width
for F1PB increases systematically with decreasing the NP size and
the FWHM is estimated to be �2.6 times higher than that of the
BulkPB case. The possibility of ultra-thin capping layer of per-
ovskite film on the F-TiO2 NF is unlikely, since the XRD intensity
is low and line width is relatively large for the QDs. To confirm
the same, ultra-thin (�4 nm) PB film was deposited on ITO sub-
strate by vapor deposition method and it showed �3 times stron-
ger XRD peak intensity compared to that of the QD case (Fig. S9,
Supporting Information). In the presence of any additional poly-
crystalline layer of perovskite film on the surface of the F-TiO2,
the intensity of XRD pattern would be more intense, which is con-
trary to our observation. Hence, the presence of any capping layer
seems to be unlikely in the present case.
3.3. Optical analysis

3.3.1. UV–Vis absorption studies
Diffuse reflectance spectra (DRS) of the as-grown samples are

studied to understand the change in the band structure due to
the formation of perovskite NPs. From the DRS, Kubelka-Munk
(K-M) function, F(R) is calculated which is related to the absorption
coefficient (a) given by,

FðRÞ ¼ ð1� RÞ2
2R

¼ a
S

ð1Þ

where R is the diffuse reflectance, S is the scattering coefficient.
Fig. 5(a) exhibits the plot of the K-M function for PI QDs on various
F-TiO2 templates and from the figure, a significant blue shift (up to
51 nm for F1PI) in the absorption edge of the PI QDs is observed
with respect to that of the BulkPI film on ITO substrate, which is
clearly noticeable from the magnified view of the plot for F1PI
and BulkPI shown in inset of Fig. 5(a). Among different PI samples,
the absorption edge of F1PI is observed maximally blue shifted,
which may be due to the strong QC effect in the PI QDs in F1PI, since
it contains the smallest size QDs. As the size of the QDs decreases
below the exciton Bohr radius, there is a sharp transition in the
absorption band due to excitonic transition [36]. For comparison,
cPI QDs dispersed in toluene was spin coated on ITO coated glass
substrate to measure the absorption spectra. Fig. S10(a) (Supporting



Fig. 5. (a) A plot of Kubelka-Munk function, F(R), for PI QDs grown on the different mesoporous F-TiO2 template and the BulkPI film deposited on ITO substrate (BulkPI). The
inset shows an enlarged view of absorption edge for F1PI and BulkPI indicating the blue shift of the absorption edge in F1PI with respect to the BulkPI film. (b) A comparison of
the Kubelka-Munk functions for the samples F1PB, F2PB, F3PB and BulkPB film. The inset shows the blue shift of the absorption edge in F1PB as compared to that of BulkPB.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Information) shows absorbance of cPI QDs synthesized using a top
down approach with absorbance band edge at �711 nm.

To compare the optical properties of PB NPs grown in a similar
way, F(R) for different samples was analyzed. Fig. 5(b) shows a
comparison of F(R) of the sample F1PB, F2PB, F3PB, and BulkPB
film. Though, a similar blue shift is observed for PB QDs compared
to its bulk counterpart, PB QDs exhibit much lesser blue shift than
PI QDs. In both the cases, the absorption spectra of perovskite QDs
exhibit clear band edge step indicating its direct band gap nature
and the F(R) of bulk films is observed to be higher than the per-
ovskite QDs, may be because of the higher thickness of bulk per-
ovskite film than the QDs. The contribution of F-TiO2 absorption
is observed at �350 nm with a sharp edge and at a higher wave-
length (beyond 400 nm) it possesses negligible absorbance
[37,38]. Thus, the absorbance corresponding to the perovskite
QDs observed in the visible region has a negligible contribution
from the F-TiO2 template. Absorbance data of cPB QDs are shown
in Fig. S10(b) (Supporting Information), which shows an absorp-
tion edge of �520 nm.

3.3.2. Photoluminescence studies
Due to the ultra-small size of the QDs, QC effect is expected to

be prominent in PL spectrum, since quantization of energy levels
and enlargement of the band gap are the most prominent conse-
quences of confinement in semiconductor QDs. PL spectra for the
PI QDs were recorded using a 405 nm laser excitation in ambient
condition. Fig. 6(a) shows a comparison of PL spectra for pristine
F1, BulkPI and F1PI. Note that pristine F1 does not show any mea-
surable PL intensity in the visible region for the 405 nm excitation,
while the BulkPI film possesses a relatively sharp PL peak centered
at 762 nm, due to the direct band to band transition. The PI QDs
grown on F1 template shows dramatically high PL intensity as
compared to that of the bare F1 and BulkPI. Fig. 6(b) exhibits com-
parative PL spectra of PI QDs grown over the various F-TiO2 tem-
plates with different pore size under identical conditions of
measurement. PL intensity of PI QDs is observed to be remarkably
increased when the size of the QDs decreased, as depicted in the
inset of Fig. 6(b). As compared to the BulkPI film, the PL intensities
of F1PI, F2PI, and F3PI are observed to be enhanced by �41, 22 and
19 times, respectively, due to the reduced size of the QDs. A
normalized spectra corresponding to Fig. 6(b) is displayed in
Fig. 6(c) showing a systematic blue shift in PL peak position from
F3PI to F1PI with the decrease in the size of the PI QDs, which is
fully consistent with the absorption spectra. This strongly indicates
the QC effect in the perovskite QDs confined in the pores of meso-
porous F-TiO2 templates. PI QDs grown within the mesoporous F-
TiO2 template display sharp PL peaks at 716 nm (F1PI), 721 nm
(F2PI) and 737 nm (F3PI), which are observed to be blue-shifted
from that of BulkPI (764 nm). The PL spectrum for F1PI is maxi-
mally blue shifted (47 nm) with respect to the BulkPI film. This
gradual shift of PL peak towards the higher energy is an indication
of enlargement of the optical band gap due to the quantum size
effect [27]. Each PL spectrum for PI QDs possesses relatively
broader line width (FWHM � 86 nm) as compared to the BulkPI
film (�47 nm), which may be associated with the size distribution
of PI QDs on the F-TiO2 template. Additionally, Förster energy
transfer process from smaller to the larger QDs is reported to be
prominent for the large size distribution of QDs. Thus, the higher
energy emission from the smaller QDs may contribute to the over-
all broadening of the PL emission [39].

In order to quantify the quantum size effect of PB based per-
ovskite QDs, comparative PL spectra were recorded for the PB
QDs using a 355 nm laser excitation in ambient condition. Fig. 6
(d) shows a comparison of PL spectra for the pristine F1, BulkPB
film and PB QDs grown on F1, which depicts dramatically
enhanced PL intensity from F1PB compared to both the pristine
F1 and BulkPB film. Fig. 6(e) shows a comparison of PL spectra of
PB QDs grown on different F-TiO2 templates and BulkPB film. As
evident from the inset of Fig. 6(e), the PL emission from F1PB is
exceptionally intense and estimated to be �124 fold higher than
that of the BulkPB film. The corresponding normalized PL spectra
are shown in Fig. 6(f), which reveals a small blue shift (�10 nm)
for the smallest size PB QDs (F1PB) as compared to the BulkPB film.
FWHM of PL spectra for F1PB, F2PB, and F3PB are observed to be
24 nm, 28 nm and 26 nm, respectively, while that for the BulkPB
film is estimated to be 31 nm. Thus, the reduction in line width
of PL spectra for the PB QDs indicates its high color purity in emis-
sion, which is promising for the fabrication of efficient green LEDs.
Note that the F-TiO2 NFs template possesses very low oxygen
vacancy defects and thus minor absorption in the visible-NIR



Fig. 6. (a) A comparison of PL spectra of pristine F1, BulkPI and F1PI, (b) comparison of PL spectra of F1PI, F2PI, F3PI and BulkPI film and inset is showing variation of PL
intensity with PI QD size, (c) the corresponding normalized PL spectra showing the blue shift of the PL peak up to 47 nm. (d) Comparison of PL spectra of pristine F1, BulkPB
and F1PB, (e) comparison of PL spectra of various PB QDs with BulkPB, while inset shows the variation of PL intensity with PB QD size and (f) the corresponding normalized PL
spectra. To enable comparison of intensities, some of the spectra are multiplied by the factors mentioned in respective image. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Table 2
Details of the PL characteristics of the CH3NH3PbBr3 (PB) QDs.

Sample Peak position (nm) Intensity enhancement factor PLQY (%)

F1PB 526 124 57
F2PB 527 25 13
F3PB 528 18 11
BulkPB 536 1 5
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region. Since the absorption intensity of the F-TiO2 template in the
visible-NIR region is extremely low, the emission from the per-
ovskite QDs is minimally affected by the reabsorption.

Emission properties of PI and PB QDs grown on F-TiO2 tem-
plates are compared with perovskite QDs synthesized using the
top down method. PL emission of cPI QDs is found to be centered
at �721 nm (see Fig. S11(a) Supporting Information). PL intensity
of F1PI is �20 times higher than that of the cPI QD film, for similar
concentration. Fig. S11(b) (Supporting Information) shows the PL
spectrum of cPB QDs with excitonic emission centered at
�525 nm and FWHM � 31 nm. Though cPB QDs show slightly
higher (�1.2 times) PL intensity than the F1PB, the line width of
PL spectrum is higher for cPB QDs than that of PB QDs grown on
F-TiO2 template indicating high color purity of perovskite QDs
grown in case of F1PB. Again, for comparison, PL spectra of PI
and PB film deposited on m-TiO2 are compared with BulkPI and
BulkPB film (see Fig. S12, Supporting Information). For both the
cases, the PL emission is less for m-TiO2 template, which may be
due to the well-known electron accepting nature of the m-TiO2

layer [40]. In the present case, F-TiO2 template is Fluorine doped
(as confirmed from EDX) and Fluorine acts as n-type donor in
TiO2, which increases its electron concentration and reduces the
probability of electron transfer from perovskite layer causing high
recombination. Seo et al. reported that Fluorine passivates the oxy-
gen vacancy defects and acts as an extrinsic n-type donor for
F-TiO2 by increasing the concentration of free electrons in the con-
duction band of F-TiO2 [41]. This also leads to increase in surface
electron concentration and enhanced catalytic activity by electron
spill-over effect [42]. In our case, since the F-TiO2 layer is electron
rich, it minimizes the possibility of electron injection from the per-
ovskite QDs to the F-TiO2 layer. Using XPS analysis, it was reported
that hydrothermally grown F-TiO2 NCs contain two major peaks
related to physical adsorption of F ions on the surface of the
F-TiO2 flowers and substitution of F atoms in the F-TiO2 lattice
[31]. This leads to the electron rich F-TiO2 layer in the present case
and strongly enhanced PL emission, compared to the commercial
m-TiO2 case.

A quantitative analysis of the blue shift with QD size and the
origin of the lower blue shift in PB QDs than the PI QDs are inves-
tigated using the well-known Brus equation [43]. Due to larger
dielectric constant of PI than that of PB, the blue shift in PL is larger
for PI than that of PB. More details of the explanation are presented
in Section S2 (supporting information).

A summary of room temperature PL features with the size dis-
tribution of perovskite QDs is shown in Tables 1 and 2. Fig. 7(a)
shows the variations of PLQY for the samples PI QDs and BulkPI,
while Fig. 7(b) shows the comparison of PLQY for PB QDs along
with BulkPB. The PLQY of PI and PB QDs grown on the F1 template
are measured to be 25% and 57%, respectively, which are signifi-
cantly high compared to the bulk film as well as the other reported
works in template-assisted growth of perovskite NPs [27,28,30].
High PLQY of perovskite QDs indicates low non-radiative recombi-
nation of excitons in QDs. Note that higher QY reported for the PB
QDs is usually obtained with colloidal QDs solution, while the pre-
sent results correspond to QD film on F-TiO2 substrate/template.
Hence, the observed high PLQY is considered to be significant for
the development of QD thin film based LEDs etc. The increase in
Table 1
Details of sizes and the PL characteristics of the CH3NH3PbI3 (PI) QDs.

Sample QD size (nm) Peak position (nm)

F1PI 1.7 716
F2PI 3.3 721
F3PI 5.1 737
BulkPI – 764
PL intensity and high PLQY in case of perovskite QDs may be due
to the high exciton binding energy, which prevents the dissociation
of excitons prior to radiative decay, increasing the emission prob-
ability [44]. The excitons in bulk perovskite with binding energy
28–75 meV are reported to be 3D Wannier type, which facilitates
strong delocalization as it is close to the thermal energy at room
temperature (RT) (�26 meV), tending to dissociate into free carri-
ers before recombining radiatively, which results in low PLQY in
bulk film [20,32,45,46]. In contrast, the QDs or NCs possess suffi-
ciently high exciton binding energy (�100 meV), which prevents
their easy dissociation at RT, resulting in the enhanced PL emission.
Additionally, efficient radiative recombination of photogenerated
charge carriers and passivation of nonradiative recombination
may be one of the boosting factors for the high PLQY of perovskite
QDs, which is further confirmed from the TRPL analysis (discussed
later). F1PI sample contains uniformly decorated ultra-small size PI
QDs (�1.7 nm), facilitating the extraordinary enhancement in PL
emission. It is reported that the exciton Bohr radius (RB) of CH3-
NH3PbI3 is �3 nm and thus to realize the strong QC, the condition
d/RB < 2 should be obeyed [28,47–49]. In the present case, the size
of the QDs for all the samples satisfies the above condition to exhi-
bit the strong confinement effect.

In order to analyze further the QC effect quantitatively, the
dependence of the size of the PI QDs on their PL properties has
been analyzed. Fig. 7(c) shows a plot of PL peak energy vs the size
of the corresponding PI QDs estimated from the TEM analysis and
the fitting with the Brus equation (solid line). From the fitted
parameters, exciton reduced mass (l) and dielectric constant (er)
were estimated as 0.19 m0 and 8.9, respectively, where m0 is elec-
tron rest mass. Considering these parameters, Bohr radius (RB) is
calculated as �2.5 nm using the relation: RB ¼ m0er

l 0:053ð ÞðnmÞ:
The estimated values of l, er, and RB match fairly well with the
reported values for bulk PI at RT [28,49] and it validates the use
of Brus equation for strong confinement effect observed here.

To investigate the effect of temperature on luminescence and
excitonic properties of perovskite QDs, temperature dependent
PL spectra were acquired for F1PI and F1PB in the range of 80–
300 K (see Fig. 8). Fig. 8(a) shows the temperature-dependent PL
spectra of F1PI QDs. With lowering of temperature, the PL peak
intensity increases monotonically and is highest at 80 K. The inset
of Fig. 8(a) shows the systematic decrease in PL intensity with
increasing temperature. When the temperature increases from
80 K to 300 K, we observed a systematic blue shift in PL peak posi-
tion (from 739 nm to 717 nm) and significant line width broaden-
ing for F1PI. The broadening of the PL peak at higher temperature
can be explained on the basis of the expansion of the unit cell of
perovskite crystal that increases the crystal strain, which in turn
enhances the exciton-phonon interaction resulting into peak
Intensity enhancement factor PLQY (%)

41 25
22 13
19 11
1 1



Fig. 7. A comparison of PLQY of various (a) PI QDs and (b) PB QDs with their bulk
counterparts. (c) The spectral position of the PL peak maxima with respect to the
size of PI QDs grown on the different F-TiO2 templates. The points fitted to Brus
equation is shown by a blue solid line. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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broadening [50]. The broadening of the PL peak at higher temper-
ature was reported to be caused by the coupling of the excitons to
acoustic phonons and to longitudinal optical (LO) phonons in GaN
[51]. It has been reported that under non-resonant excitation, the
enhanced carrier drift movement may result in the non-uniform
redistribution of the carriers, followed by a slight broadening of
the line width of PL peak [52]. In our case, all these factors includ-
ing size distribution of the QDs may be responsible for the broad-
ening of PL peak. The electron-phonon coupling of the QDs in F1PI
is studied by plotting temperature-dependent PL spectral width, as
shown in Fig. 8(b). The experimental data of FWHM (C) are fitted
using Boson model given by,

CðTÞ ¼ C0 þ CLO= exp ⁄xLO=kBTð Þ � 1ð Þ ð2Þ
whereC0 is the inhomogeneous broadening contribution, CLO is the
longitudinal exciton-optical phonon contribution to the FWHM and
⁄xLO is the LO phonon energy. From the fitted data, the obtained
parameters are as follows: C0 = 57.0 meV, CLO = 168.3 meV,
⁄xLO = 33.8 meV. Our result is fully consistent with reported value
(25–42 meV) of optical phonon energy using Raman scattering for
CH3NH3PbI3 [53]. Note that no additional PL peak is observed at
low-temperature regime, which discards the possibility of phase
change in F1PI QDs at low temperature. Fig. 8(c) demonstrates the
temperature dependence of PL peak energy of F1PI QDs. F1PI QDs
exhibit a blue shift of �57 meV in PL peak position as the tempera-
ture increases from 80 K to 300 K. The experimental data of peak
energy of F1PI in the temperature range 150–290 K is fitted with
the given equation [54],

EgðTÞ ¼ E0 þ ATET þ AEP 1þ 2= expð⁄x=kBTÞ � 1ð Þð Þ ð3Þ
where E0 is the band gap at T = 0 K, ATE and AEP are the weight of the
thermal expansion (TE) and electron-phonon (EP) interaction. ⁄x is
the optical phonon energy. From the fitted data, the values of the
parameters are E0 = 1.63 eV, ATE = 0.33 meV/K, AEP = 4.96 meV and
⁄x = 42.3 meV. These values match well with the literature [54,55].
Optical phonon energy value is comparable the value obtained from
the fitting of Eq. (3). Hence, the linear increase in PL peak energywith
respect to temperaturemaybe attributed to thedominating behavior
of TE while the contribution of EP is negligible in this temperature
range. Fig. 8(d) shows temperature-dependent PL spectra of F1PB
QDs in the range 80–300 K. Similar to the F1PI case, with increasing
the temperature the PL intensity is observed to be decreased due to
thermal quenching with a systematic blue shift. The phase transition
induced change in PL peak (i.e. reversal of PL shift) is not observed in
case of F1PB QDs [56], which discards the possibility of phase change
in F1PB QDs. The room temperature (300 K) PL spectrum for F1PB
shows an asymmetry in the lower energy region, indicating a trace
of bound excitonic emission. The deconvulated PL spectra of F1PB
QDs at 300 K, 220 K, and 80 K are shown in Fig. S13(a–c) (Supporting
Information), respectively. At 300 K, the spectral weight of peak 1 at
�525 nmappearing from free exciton recombinationdominates over
the bound exciton recombination (peak 2 at �535 nm), as shown in
Fig. S13(a) (Supporting Information).With lowering the temperature
theboundexcitonic emission increases and at 80 K, it dominates over
the free excitonic recombination, as shown in Fig. S13(c) (Supporting
Information). Fig. 8(e) shows the variation in PL peak energy of F1PB
QDs with temperature. On the other hand, F1PB QDs show relatively
weak blue shift for both the peaks (�33 meV for peak 1 and�30 meV
for peak 2) at a rate�0.13 meV/K in the temperature range 80–300 K.
This blue shift may be attributed to the electron-phonon coupling
[57]. Exciton binding energy (Eb) for the various QDs is estimated
from temperature-dependent PL spectra. The temperature depen-
dence of the integrated PL intensity of F1PB and F1PI QDs are shown
in Fig. 8(f) and the experimental data are fitted using the Arrhenius
equation, given by,

IðTÞ ¼ I0
1þ Aexpð�Eb=KBTÞ ð4Þ

where I(T) and I0 are the integrated PL intensities at temperatures T
and 0 K, respectively. A is a constant. In order to estimate the Eb of
partially embedded perovskite QDs, the experimental data are fitted



Fig. 8. (a) Temperature dependent PL spectra of F1PI, while the inset shows the variation of PL intensity with temperature. (b) Variation of FWHM of F1PI with temperature
fitted with Boson model (Eq. (2)). The symbols represent experimental data, while the solid line corresponds to fitted data. (c) Variation of PL peak energy of F1PI with respect
to temperature. The symbols represent experimental data, while the solid line corresponds to fitted data (using Eq. (3)). (d) Temperature dependent PL spectra of F1PB, while
the inset shows the variation of PL intensity with temperature. (e) Variation in PL peak energy of F1PB with temperature. In the case of F1PB, two peaks (peak 1, peak 2) are
fitted. (f) PL integrated intensity vs inverse of temperature for F1PI and F1PB. The experimental data are fitted with the Arrhenius equation (Eq. (4)). The symbols represent
experimental data, while the solid line corresponds to fitted data.
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in the higher temperature region (250–300 K). From the fitting of
the Arrhenius equation above keeping the parameters free, the Eb
is estimated to be 162.1 ± 22.2 meV and 271.1 ± 34.1 meV for F1PI
and F1PB QDs, respectively. Thus, the exciton binding energy of per-
ovskite QDs is very high in the present case as compared to the
reported values reported values for QDs as well as the bulk counter-
part (�32 meV) [57].

Note that size dependent exciton binding energy has been
reported for conventional semiconductor QDs. Using electron-
hole explicitly correlated Hartree-Fock (eh-XCHF) method, it has
been reported that electron-hole recombination probability and
exciton binding energy for CdSe QDs follows a scaling relationship
with QD size as d�n and if size of the particle increases by 16.1
times, the exciton binding energy and recombination probability
decreases by a factor of 12.9 and 4.55 � 105, respectively [58]. In
our case, for the F1PI QDs, as the size decreased by �19.4 times
(from 33 nm in bulk to 1.7 nm in QDs), the exciton binding energy
increases by a factor of �5.1, which is quite consistent with the
above prediction, which had an error bar of 28%. For F1PB QDs,
the factor comes out to be �8.5 times. The large increase in exciton
binding energy is explained on the basis of strong confinement
effect in the small QDs, where the binding energy varies as d�1

[51]. Thus, due to the enormous enhancement in the exciton bind-
ing energy, the perovskite QDs show stronger QC effect than their
bulk counterparts. Higher exciton binding energy for perovskite
QDs supports higher PLQY for QDs compared to bulk films, result-
ing in stable and outstandingly enhanced PL emission at room tem-
perature [57]. Higher exciton binding energy of PB based QDs
compared to the PI based QDs originates from the lower dielectric
constant and larger band gap energy in F1PB [46]. Exciton binding
is calculated theoretically from electron-hole interaction energy
Veh which is calculated from the electron-hole pair density using

the expression [58], Veh ¼ R
dre
!drh

!qeh re
!
; rh
!� �

r�1
eh e�1 re

!
; re
!� �

; where

qeh is the electron-hole pair density function and e�1 is the inverse
dielectric function. Hence higher dielectric function corresponds to
lower exciton binding energy. Exciton binding energy of perovskite
QDs grown on F-TiO2 templates is quite high compared to the other
reported values for colloidal-based perovskite NP films, which
makes it a very good candidate for stable light emitting and other
optoelectronic applications at room temperature [59].

3.3.3. Time resolved photoluminescence studies
In order to investigate life time and recombination kinetics of

carriers, TRPL measurement was performed on PI QDs on various
F-TiO2 templates and BulkPI film using a 405 nm laser excitation.
The TRPL decay transients fitted with biexponential decay function

can be expressed as follows: IðtÞ ¼ P2
i¼1Aie �t=sið Þ; where Ai is the

amplitude of the TRPL decay curve corresponding to the lifetime
si. The average lifetime (savg) is calculated considering the follow-
ing relation: savg ¼ A1s21 þ A2s22

� �
= A1s1 þ A2s2ð Þ: Fig. 9(a) shows the

TRPL decay profiles of BulkPI film and various PI QDs monitoring
the emission at their respective PL peak positions. The details of
the individual components of BulkPI film and PI QDs are given in
Table S1 (Supporting Information). The average life times are esti-
mated to be 15.8 ns, 12.9 ns, 10.5 ns and 4.9 ns for BulkPI film, F3PI,
F2PI, and F1PI, respectively. Thus, the savg reduces systematically
with the reduction of QD size, consistent with the previous reports
[14,60]. The smallest synthesized PI QDs (F1PI) possesses � 3 fold
faster recombination or short average life time compared to the
BulkPI film. The shorter lifetime of PI QDs implies faster recombi-
nation and thus the higher PLQY, suggesting the PL decay of PI
QDs mainly through the exciton recombination and suppression
of non-radiative recombination. TRPL spectra of F1PI monitored
at different emission wavelengths (660–780 nm at 20 nm inter-
vals) are obtained under 405 nm laser excitation and the results
are shown in Fig. 9(b). Each spectrum is fitted with biexponential
decay function and the fitted curve is shown by the solid line. At
lower emission wavelengths, the PL decay times are observed to
be shortened systematically (from 6.75 ns at 780 nm to 1.60 ns at
669 nm) confirming the QC effect of PI QDs. Thus, the broad PL
spectrum for F1PI is mainly due to the variation in the PI QDs size
and faster emission occurs at higher energies [43]. Since the mean
decay rate (C) is related to the PLQY by the equation:

PLQY ¼ Cr

C
¼ Cr

Cnr þ Cr
ð5Þ

where C is inversely proportional to s, Cr and Cnr are the radiative
and nonradiative decay rates, respectively. In our case, the PLQY of
PI QDs is very high, hence the radiative recombination can be con-
sidered to be dominant over nonradiative recombination even at
room temperature. Thus, the PLQY corresponding to the PI QDs
may proportionally vary with Cr. The dependence of PL decay rate
on the PI QDs size is plotted in Fig. 9(c). The experimental data
(C) can precisely be fitted with the relation, C � 1/d2. This is fully
consistent with the expected behavior that the radiative decay rate
is inversely proportional to the surface area of the QDs and the
number of radiative decay path increases as the QDs size decreases.
For comparison, TRPL study was also performed on various PB QDs
and BulkPB film with 375 nm laser excitation, as shown in Fig. S14
(a) (Supporting Information). Similar to the PI QDs, savg of F1PB,
F2PB, F3PB, and BulkPB are found to be 3.3 ns, 7.2 ns, 9.9 ns and
20.2 ns, respectively, demonstrating the faster decay for PB QDs
than the BulkPB film. PL emission corresponding to the QDs is
reported to be confined in the bimolecular regime where decay rate
is mainly due to radiative recombination resulting in the faster
decay than the bulk film, which possesses longer decay time in
the monomolecular regime due to the influence of nonradiative trap
filling [61]. As the size of QD enters in the quantum regime, the con-
finement of electron and hole wave functions is observed to be
enhanced facilitating the greater radiative transition probability,
which results in the faster radiative life time [62]. TRPL spectra
for F1PB recorded at different emission wavelengths (490–
560 nm) at an interval of 10 nm with 375 nm laser excitation are
shown in Fig. S14(b) (Supporting Information). PL decay time is
observed to be shortened systematically with lowering the emis-
sion wavelength. At higher emission wavelengths, the TRPL decay
profiles are observed to be overlapped, confirming the narrow size
distribution of PB QDs (absence of large PB QDs), further verified
by the sharp PL emission (FWHM � 24 nm). TRPL decay profiles of
cPI and cPB QDs on ITO substrates are shown in Fig. S15 (Supporting
Information). The average life time of cPB and cPI QDs are �3.8 ns
and �27.1 ns, respectively. Average carrier life time for F1PB and
cPB QDs are nearly equal, which is consistent with their emission
behavior. It reveals the fact that cPB QDs possess high radiative
recombination similar to that of F1PB QDs. In contrast, the average
life time of carriers in cPI QDs is larger than even the BulkPI film,
which reveals the presence of nonradiative decay paths in it.

3.4. Photostability studies

Despite the tremendous efforts to prepare the air and photosta-
bilized perovskites, it is still one of the major challenges for the
commercialization of perovskite QD based devices. In order to test
the photostability, each as-grown sample was exposed to continu-
ous UV irradiation (360 nm laser, 18 mW at source) for several
hours and PL emission was recorded at a regular interval. As shown
in Fig. 9(d), the PL emission of BulkPI and BulkPB films are
observed to be drastically reduced to 25% and 67% after 10 h of
UV irradiation, respectively. As compared to the bulk counterpart,
both the PI QDs and PB QDs show significantly improved photosta-
bility. Even after 10 h of UV irradiation, F1PB preserves �99% of its



Fig. 9. (a) A comparison of TRPL spectra of BulkPI film, F1PI, F2PI and F3PI with 405 nm laser excitation andmonitored at their respective peak position. (b) PL decay of sample
F1PI monitored at different emission wavelengths. (c) PL decay rate as a function of PI QD size. Blue solid line shows the best fit curve following an inverse quadratic
dependence with QD size. (d) Optical stability test of perovskite QDs (PI and PB) with 360 nm UV laser (power 18 mW at source) exposure up to 10 h. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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PL intensity, while F1PI shows �86%. The lower stability of F1PI is
due to the fact that iodide based NPs are known to be highly vul-
nerable to moisture and UV light. Stability of F1PI and F1PB QDs
are compared with cPI and cPB QDs (see Fig. S16, Supporting
Information). It’s evident that cPI QDs degrade very fast under
UV irradiation and PL emission reduces to �36% of initial value
after 10 h of UV irradiation. cPB QDs show better stability than
the cPI QDs and it restores 90% of its initial PL intensity after
10 h of UV light exposure. Hence, perovskite QDs grown on
F-TiO2 template show superior stability compared to the QDs pre-
pared using colloidal method. In the present case, the mesoporous
sites of the F-TiO2 flower act as the nucleation sites for the growth
of perovskite QDs and these QDs are partly covered by the F-TiO2

NCs, which restricts the perovskite QDs from the complete expo-
sure to moisture and UV irradiation, preventing its fast degrada-
tion. We have observed that the as-grown perovskite QDs are
quite stable in the ambient atmosphere and maintains its initial
PL intensity for more than a month. For the full embedded QDs,
stability is expected to be much better and would be suitable for
stable device fabrication.

4. Conclusion

We have reported a cost-effective and reproducible method to
grow perovskite QDs partially embedded inside the pores on
F-TiO2 template with high optical quality in ambient condition.
Our result demonstrates that the interparticle gap between F-
TiO2 NCs acts as the nucleation site for the growth of crystalline
perovskite QDs on a mesoporous F-TiO2 template. The band gap
of perovskite QDs is tuned simply by varying the pore size (void
size) of the mesoporous F-TiO2 templates. FESEM and TEM results
reveal the uniform growth of perovskite QDs over the F-TiO2 tem-
plates. Strong QC effect due to ultra-small size (�1.7 nm) of the PI
and PB QDs facilitates the outstanding enhancement of PL intensity
(�43 and �124 fold, respectively) with a large spectral blue shift
and these QDs exhibit very high PLQY (25% and 57%, respectively),
which are significant for the template grown perovskite QDs.
Quantitative analysis of the PL data reveals strong confinement
effect validated by fitting the experimental data with canonical
expressions derived for the quantum regime. Low-temperature
PL analysis reveals �5 and �8.5 times higher exciton binding
energy for PI QDs and PB QDs, respectively, as compared to the
respective bulk films. These results are in excellent agreement with
a recent theoretical prediction on size dependent exciton binding
energy of QDs. The strongly enhanced PL of perovskite QDs is
ascribed to enhanced radiative recombination probability and QC
effect, as revealed from the TRPL analysis. The perovskite QDs
grown by template-assisted method are highly stable under UV
light exposure (18 mW) for >10 h, while bulk film degrades very
fast. Our study offers a novel template-assisted synthesis route
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for perovskite QDs with very high photo and air stability, which is
promising for various optoelectronic applications including light
emitting devices.
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